The in situ formation of cytotoxic metabolites by an enzyme-catalyzed reaction is a recent approach in cancer therapy. The present results show that multidrug-resistant human colon adenocarcinoma cells (LoVo) are significantly more sensitive than corresponding wild-type cells to hydrogen peroxide and aldehydes, the products of bovine serum amine oxidase (BSAO)-catalyzed oxidation of spermine. Pretreatment of the cells with N 1 ,N 4 -bis(2,3-butadienyl)-1,4-butanediamine (MDL 72527), a lysosomotropic compound, sensitized both cell lines to the subsequent exposure to spermine metabolites, as was evident from the decrease of cell survival by a log unit. The sensitizing effect was greater in the case of the multidrug-resistant cell line, an aspect of particular importance with respect to potential therapeutic applications of the method, since conventional cancer therapy suffers from the development of drug resistance. Cell viability was determined using a clonogenic assay. MDL 72527 (at 300 μM) produced numerous cytoplasmic vacuoles, presumably of lysosomal origin, after 6-h exposure, which decreased in size and number (in the presence of the drug) by 24 h and had almost disappeared completely at 48 h. Mitochondrial damage, as observed by transmission electron microscopy, seemed to correlate better with the cytotoxic effects of the treatment than the formation of vacuoles. We suggest that the release of lysosomal enzymes into the cytosol by MDL 72527 is the main reason for its sensitizing effect. It is known that lysosomotropic compounds, which release lysosomal enzymes, produce oxidative stress and apoptosis.
Introduction
The so-called polyamines (putrescine, spermidine, spermine, and related structures) are simple aliphatic amines with numerous functions in cell biology (1) . The deregulation of their metabolism may induce apoptosis (2) . Apart from being of vital importance for the propagation and viability of most cells, the natural polyamines, spermidine and spermine, are also the source of cytotoxic metabolites. Their oxidative deamination generates hydrogen peroxide, aldehydes and ammonia. Fig. 1 shows the reaction of spermine with bovine serum amine oxidase (BSAO: EC 1.4.3.6). Hydrogen peroxide and the aldehydes induce apoptotic and non-apoptotic cell death; exposure of tumor cells to purified BSAO and spermine caused a time-dependent decrease of cell viability (3) and impaired the growth of a mouse melanoma (4) . Formation of hydrogen peroxide by the xanthine oxidase reaction within a muscle also had an anti-tumor effect (5) . Other experiments demonstrated that multidrug resistant (MDR) LoVo cells (obtained by exposure to doxorubicin) (6) are more sensitive to toxic spermine metabolites than their wild-type counterparts (3, 7) .
Hydrogen peroxide is a major component of endogenous reactive oxygen species (ROS). It has multiple physiological functions in signal transduction cascades, and plays a role in the pathology of several disorders, including cancer and neurodegenerative diseases (8) . Under the experimental conditions used in the present study, hydrogen peroxide is mainly responsible for cell damage; the spermine-derived aldehydes contribute to cytotoxicity by approximately 20% (3, 9) .
We are currently studying drug combinations with the aim to improve the induction of cell death by toxic polyamine metabolites. We describe results of combined treatments with BSAO/spermine with MDL 72527 (N 1 ,N 4 -bis(2,3-butadienyl)-1,4-butanediamine dihydrochloride). MDL 72527 is an inactivator of FAD-dependent polyamine oxidase. It has cytotoxic properties which are, however, unrelated to its ability to inactivate polyamine oxidase (10) . This drug was chosen because it is lysosomotropic (11) . We expected that, owing to its different toxic mechanism, it might amplify hydrogen-peroxide and aldehyde-induced cell death.
Sensitization of human colon adenocarcinoma cells (LoVo) to reactive oxygen species by a lysosomotropic compound Materials and methods

Materials.
If not stated otherwise, usual laboratory chemicals were from Sigma Chemical Co., St. Louis (MO, USA). Spermine tetrahydrochloride was from FLUKA (Buchs, Switzerland), cell culture materials were from Gibco Life Technologies Ltd. (Paisley, UK). BSAO was purified to homogeneity essentially as described by Turini et al (12) . The specific activity of the enzyme preparation was 0.38 IU/mg (1 IU = 1 μmole benzylamine oxidized per min at 25˚C). MDL 72527 was synthesized as described earlier (13) .
Cell cultures. The human colon adenocarcinoma cell line (LoVo WT) (originally isolated from a metastatic nodule), was a gift from Professor E. Dolfini, Istituto per la Cura dei Tumori, Milan, Italy. The pleiotropic multidrug-resistant (MDR) cell line, LoVo DX, was selected for resistance to doxorubicin from its drug-sensitive parental cell line (6) . LoVo DX cells are also resistant to other chemotherapeutic agents such as etoposide and vincristin (14) . Cells were grown in monolayer in Ham's F12 medium with 10% fetal bovine serum (Hyclone, Europe Ltd., Cramlington, UK), 1% L-glutamine, penicillin (50 U/ml)-streptomycin (50 μg/ml) and 1% vitamins in a humidified atmosphere of 5% CO 2 in a water-jacketed incubator at 37˚C.
Treatments and cell survival experiments.
Cell survival experiments were carried out using confluent cells that had been incubated for 24 h or 48 h at 37˚C with fresh culture medium containing MDL 72527 at concentrations in the range of 200-400 μM. Cells were washed with 10 mM EDTA in phosphate-buffered saline (PBS) and were then trypsinized by addition of 0.25% trypsin solution in PBS, washed with PBS supplemented with 1% bovine serum albumin (PBS/BSA), and pelleted by centrifugation (2 min, 1500 x g). The cells were resuspended in PBS/BSA. Freshly harvested LoVo cells (10 5 /ml) were incubated at 37˚C for different time intervals in the presence or absence of BSAO (6.5x10 -3 IU/ml) and spermine. The spermine solution was freshly prepared before each experiment. After incubation, the cells were centrifuged, washed twice in PBS-BSA, and resuspended in 1 ml PBS-BSA.
Cytotoxicity was evaluated by a plating efficiency assay, which determines the ability of the cells to form macroscopic colonies (>50 cells). Aliquots of suspensions of 10 5 cells/ml were plated in tissue culture dishes (50 mm diameter) containing 5 ml complete culture medium, and incubated at 37˚C. After 21 days, the colonies were fixed with 96% ethanol, stained with methylene blue and counted (three or four plates of each treatment). Mean values were calculated from the results of three independent experiments. Control Figure 1 . Metabolite formation from spermine by bovine serum amine oxidase (BSAO)-catalyzed reactions. The aldehydes that are preferentially formed under the reaction conditions (see Materials and methods) have not been identified. The monoaldehyde, 1-amino-12-oxo-4,9-diaza-dodecane, may be further oxidized to a dialdehyde (1,12-dioxo-4,9-diaza-dodecane) (not shown). Spermidine is a substrate of BSAO and will therefore contribute to hydrogen peroxide and aldehyde formation. Acrolein formation is a spontaneous process. The factors favoring its elimination from the oxidation products of spermine and spermidine have not been identified. The direct oxidation of spermine to spermidine and 3-aminopropanal by BSAO was reported by Houen et al (26) .
plating efficiencies were higher than 85 and 80% for LoVo WT and LoVo DX cells, respectively. Percent cell survival was determined as the ratio between the mean number of colonies in treated and control samples.
Scanning electron microscopy. For scanning electron microscopy (SEM), cells were grown to near confluence on glass coverslips in Ham's F12 medium containing MDL 72527 at 200-400 μM and 1% BSA, in the absence of serum, at 37˚C for different times in the presence or absence of BSAO (6.54x10 -3 IU/ml), and spermine (6 μM). After incubation, cells were washed with F12 medium and were then processed for SEM as was described (15) . The samples were examined by a Cambridge Stereoscan 360 scanning electron microscope (Cambridge Instruments, Cambridge, UK).
Transmission electron microscopy. For transmission electron microscopy (TEM), cells were grown to near confluence and harvested as described above, washed with PBS-BSA, centrifuged and resuspended in 2 ml of F12 medium-1% BSA, without serum. After incubation for 60 min at 37˚C in the presence or absence of BSAO (6.54x10 -3 IU/ml), or with spermine alone (6 μM), cells were washed with F12 medium and then processed for TEM observation as previously described (15) . Ultrathin sections were examined by a Zeiss EM 10C electron microscope (Zeiss, Oberkochen, Germany).
Results
Effect of pre-incubation with MDL 72527 on the plating efficiency of LoVo cells after exposure to BSAO and spermine.
Both LoVo WT and LoVo DX cells were pre-incubated for 24 h with MDL 72527 at concentrations ranging from 100 to 400 μM and, after washing, were exposed for up to 1 h to BSAO and spermine (at concentrations ranging from 0 to 15 μM) (for more details of the experimental procedure see Materials and methods).
It is evident from previous experiments (3), as well as from control experiments carried out in the present study, that exposure of cells to either BSAO or spermine alone (at the concentration range applied in this work) has no significant effect on cell viability.
In Fig. 2 , the dose-response curve is shown for 24-h exposure to MDL 72527. In agreement with other colon adenocarcinoma cells (16) , the sensitivity of LoVo cells to this drug is low. MDL 72527 at 300 μM was the highest concentration, which showed no significant cytotoxic effect to LoVo WT cells, while MDR cells (LoVo DX) were only slightly more sensitive. This concentration was chosen for all following experiments. In the presence of a constant activity of BSAO (6.54x10 -3 IU/ml), increasing concentrations of spermine improved cytotoxicity (Fig. 3) . The dose-response curves are biphasic in the semilogarithmic plots. At spermine concentrations of below 6 μM, the curve slopes are considerably steeper than at higher concentrations, where the slope appears to be the same for all cells and treatments. LoVo DX cells were not only more sensitive to the oxidation products of spermine but MDL 72527 also had a considerably greater effect on their survival than on the survival of LoVo WT cells. Cell survival was lower by approximately one log unit, compared with cells that had not been pre-treated with the polyamine oxidase inactivator. In Fig. 4 , time-effect relationships are shown. In this and related experiments, the cells were pre-incubated with 300 μM MDL 72527 for 6, 24 or 48 h, and were then exposed to 6 μM spermine and BSAO for 1 h, except for the curves with empty symbols, which represent the effect of MDL 72527 in the absence of BSAO and spermine. Again, the MDR cells were considerably more sensitive to the treatment than the wild-type cells. However, when the pre-incubation time with MDL 72527 was prolonged to 48 h, the percentage of surviving cells was higher by one order of magnitude (Fig. 4C) as compared with cells exposed to this drug for only 24 h (Fig. 4B) . The increase in spermine concentration from 6 to 12 μM had a marked effect on cell survival (not shown). It should be noted that all spermine concentrations are <25.5 μM, the Km of spermine for BSAO (9) . Therefore, the rate of hydrogen peroxide formation during the incubation period of 60 min is not constant. results illustrated in Figs. 3 and 4 , the following facts become obvious: i) The plating efficiency decreases with incubation time with BSAO and with concentration of spermine. ii) In agreement with previous results, MDR cells were more sensitive to treatment with BSAO and spermine than their wild-type counterparts. iii) Pre-incubation of both, LoVo WT and LoVo DX cells, with MDL 72527 increases the sensitivity of these cells considerably to toxic polyamine metabolites.
Since the prolongation of the pre-incubation time with MDL 72527 to over 24 h decreased the sensitivity to treatment with BSAO and spermine, experiments were carried out with only 12-and 6-h pre-incubations with MDL 72527. With these incubation times, the sensitization of the cells to subsequent exposure to BSAO and spermine was considerably weaker than at 24 h. In Fig. 4A , the results obtained for 6-h pre-incubation with MDL 72527 are illustrated.
Ultrastructural effects of exposure to MDL 72527 on LoVo cells. Under the treatment conditions described in the previous section, both LoVo WT and LoVo DX cells exhibited only minor phenotypic changes, as judged from scanning electron micrographs (not shown). However, transmission electron micrographs revealed a number of morphological changes, which are indicative of the cytotoxic effect of the treatment. The ultrastructure of untreated controls of LoVo WT (Fig. 5a and b) and LoVo DX cells (Fig. 5c and d ) was similar, with roundish nuclei, a compact cytoplasmic matrix and mitochondria with condensed matrix and parallel cristae. However, even at 6 h after exposure to 300 μM MDL 72527, LoVo WT ( Fig. 6a and b) and LoVo DX ( Fig. 6c and d ) cells had formed numerous, large cytoplasmic vacuoles; the drug-resistant cells showed less vacuoles than the wild-type cells. This difference may be caused by the high activity of the P-glycoprotein pump in the MDR cells. However, whether MDL 72527 is a substrate of this pump has not yet been established. In some cells, the shape of the nucleus was affected by the extensive vacuolization. Some of these vacuoles appeared empty, while most of them contained differently structured material, such as small electron-dense tufts, granular bodies with a punctate pattern, and lysosome-like formations. The vacuoles do not seem to be delimited by a membrane, but rather appear as a rarefaction of the cytoplasmic matrix. No significant structural change of the mitochondria were seen in the wild-type cells (Fig. 6b) , while the mitochondria of the MDR-resistant cells showed an irregular morphology with swelling of the cristae (Fig. 6d) , and the cytoplasmic matrix exhibited many rarefactions. Surprisingly, the vacuoles in both cell lines decreased in number and size after 24 h of incubation with MDL 72527, and disappeared nearly completely upon prolongation of the treatment with MDL 72527 to 48 h, and the cells resumed a Figure 4 . Effect of pre-treatment with MDL 72527 (followed by exposure to BSAO and spermine) on the survival of LoVo WT and LoVo DX cells in function of pre-incubation time. A, pre-incubation with 300 μM MDL 72527 for 6 h at 37˚C. B, pre-incubation with 300 μM MDL 72527 for 24 h. C, preincubation with 300 μM MDL 72527 for 48 h. Pre-incubations were followed by 60-min exposure to BSAO (6.54x10 -3 IU) and 6 μM spermine. The curves with the empty symbols represent incubations with MDL 72527 in the absence of BSAO and spermine. Each point is the mean value of the results of three or four independent experiments with 2-5 samples per treatment. The error bars indicate ± SD. When not shown, SD is smaller than the symbols.
normal appearance (Fig. 7a and c) . However, at a high magnification, alterations in some mitochondria of the LoVo DX cells (Fig. 7d) and, in both cell lines, aggregates of structures embedded in the cytoplasmic matrix, similar to those observed inside the vacuoles after 6-h treatment (Fig. 7a-c) , were observed. In agreement with previous observations (3), treatment for 1 h with BSAO and spermine alone produced no significant morphological modifications in LoVo WT cells, while consistent alterations of the mitochondrial shape, i.e. swelling and disappearance of cristae, were observed in LoVo DX cells. Pre-treatment with 300 μM MDL 72527 for 6 h accentuated the effect of BSAO and spermine on both cell lines (Fig. 8) , but MDR cells were more affected (Fig. 8c  and d) . With prolongation of the pre-incubation time with 300 μM MDL 72527 to 24 h, followed by treatment with BSAO and spermine, the mitochondrial damage and the general impairment of cell morphology paralleled the decline in survival time. The mitochondrial damage is particularly obvious from the electron micrographs ( Fig. 9b and d) .
In summary, comparison of the electron micrographs taken from LoVo WT and LoVo DX cells demonstrates that the higher sensitivity of the latter cells to toxic polyamine metabolites is paralleled by more pronounced morphological alterations, both of cytoplasmic and mitochondrial structures. However, this was not the case with the formation of cytoplasmic vacuoles, which did not parallel the toxic effect of BSAO and spermine that followed pre-incubation with MDL 72527: with 24 h of pre-treatment, the survival of LoVo cells was higher than with 6-or 48-h pre-incubation, while the size and number of cytoplasmic vacuoles was greater with 6 h of pre-incubation than with longer pre-incubation times.
Discussion
The lack of tumor specificity with cytotoxic drugs and the development of MDR are major problems of conventional cancer chemotherapy. The in situ formation of toxic compounds by an enzymatic reaction is a promising start, particularly because MDR cells appear significantly more sensitive to toxic polyamine metabolites than corresponding wild-type cells, as shown in the present study. The higher sensitivity of LoVo DX cells to cytotoxic spermine metabolites has been attributed to mitochondrial membrane depolarization and an elevated basal production of reactive oxygen species (3).
The development of MDR is associated with a number of phenotypic alterations. MDR cancer cells usually display a decreased intracellular drug accumulation and/or drug distribution (17, 18) due to the overexpression of genes which encode membrane-bound transporter proteins, such as a 170-kDa P-glycoprotein. This glycoprotein functions as an energy-dependent pump that expels drugs out of cells (19) .
Prevention of accumulation of the toxic products of spermine oxidation by MDR cells appears to play a minor role because LoVo DX cells were significantly more sensitive than LoVo WT cells to exposure to BSAO and spermine. For the slow release of toxic spermine metabolites in tumors, the use of BSAO conjugated to biocompatible polymers has been considered (4, 20) . The high polyamine content of tumor cells and the release of polyamines from damaged cells may make the administration of spermine superfluous in therapeutic application.
MDL 72527 is highly toxic to transformed hematopoietic cells (11) but is considerably less toxic to colon adenocarcinoma cells (16, 21) , as confirmed by the present results. Since leukemia cells have a lower glutathione content (22) than SW 620 colon adenocarcinoma cells (23) , i.e. their intrinsic defense system to oxidative stress is considerably weaker, differences in glutathione content may partly explain the difference in sensitivity to MDL 72527 between leukemia and adenocarcinoma cell lines. However, this explanation is not relevant to the difference in sensitivity between LoVo WT and LoVo DX cells because their glutathione content is the same (3). We believe that the difference in mitochondrial electron transport chain activity is the main reason for their difference in sensitivity to oxidative stress.
In the present study, an emphasis was placed on the ability of MDL 72527 to sensitize LoVo cells to BSAO/ spermine-induced toxicity. There was an obvious timedependence for optimum sensitization. The lowest cell survival was observed with 24 h of pre-incubation with MDL 72527. Under these conditions, a loss of both LoVo WT and LoVo DX cells was greater by approximately one log unit in comparison with non-sensitized cells. At both an elongated and shorter exposure to MDL 72527, cell loss was lower.
Among the morphological changes produced by MDL 72527, the rapid formation of cytoplasmic vacuoles was the most striking. These vacuoles are most probably of lysosomal origin. A diamine, structurally related to MDL 72527 (2,5-diamino-3-hexyne) (24) , and the known lysosomotropic compound, chloroquine (11) , cause the formation of very similar vacuoles in leukemia cells. In contrast to the vacuoles in leukemia cell lines, the vacuoles in LoVo cells did not coalesce to form larger vacuoles with time but, on the contrary, they disappeared nearly completely in the presence of MDL 72527 with 48 h of incubation. However, in the present study, incubation with MDL 72527 was limited to 48 h. It is not excluded that, at prolonged exposure to this drug, vacuoles may reappear in LoVo cells since, in other colon adenocarcinoma-derived cell lines (SW620 and SW480), long-term exposure to MDL 72527 produced huge cytoplasmic vacuoles (16) .
Vacuole formation did not correlate directly with loss of cell viability. In fact, vacuole formation was more extensive in LoVo WT cells than in MDR cells, and sensitization to treatment with BSAO and spermine was optimal with 24 h of pre-incubation. A likely explanation for the discrepancy between the rapid formation of cytoplasmic vacuoles and the effect of the treatment on cell viability is that the lysosomotropic effect of MDL 72527 is maximal within less than 24 h, whereas compensatory reactions start presumably with the impairment of cell metabolism and recover physiological function to some extent in the presence of the drug for only a limited period. It is known that oxidative stress stimulates defense mechanisms by inducing enzymes which assist in antagonizing oxidative damage (25) .
Regarding the impairment of cell viability, the morphological alterations of the mitochondrial structure seem more relevant than the formation of cytoplasmic vacuoles, since they were more accentuated in the drug-resistant cells than in the wild-type cells. Moreover, they seem to be paralleled by the loss of cell viability. It is known from previous study (7) that one of the earliest signs of cell damage by BSAO and spermine is the depolarization of the mitochondrial membrane.
In conclusion, sensitization of LoVo cells to hydrogen peroxide, the main cytotoxic agent in the present experimental setting, (3) is most probably caused by the lysosomotropic effect of MDL 72527. 3-Aminopropanal, according to Houen et al (26) , a major product of spermine oxidation by BSAO (Fig. 1) , is a known lysosomotropic compound that causes oxidative stress due to the release of lysosomal enzymes (27, 28) . There is an obvious analogy between the cytotoxic effect of 3-aminopropanal and treatment with MDL 72527, followed by BSAO-catalyzed spermine oxidation. While 3-aminopropanal combines lysosomotropic effect and aldehyde function in one molecule, the lysosomotropic effect in the combination treatment is provided by MDL 72527 (11) . During the subsequent treatment with BSAO and spermine, hydrogen peroxide is expected to amplify the oxidative stress that was already initiated by MDL 72527, while 3-aminopropanal and the other spermine-derived aldehydes exert toxicity based on their chemical reactivity and their lysosomotropy. An important role of lysosomes in both necrotic and apoptotic cell death is well founded (29) . Considering this, it is of interest to note that hydrogen peroxide cytotoxicity has been reported to be preceded by damage of lysosomal membranes (30) . Owing to its lysosomotropic effect, pre-treatment with MDL 72527 amplifies the ability of the metabolites formed from spermine by oxidative deamination to induce cell death. In a recent review (31), lysosomes were denoted as the Achilles heel of cancer cells. Our results support this. Since it is conceivable that combined treatment with a lysosomotropic compound and BSAO/spermine would be effective in tumors, it is of interest to search for lysosomotropic compounds which are suitable for application in a therapeutic setting.
The method of enzyme catalyzed-formation of hydrogen peroxide and of other toxic products may be considered as a treatment analogous to the use of irradiation techniques. Both methods are designed to produce radicals in a narrow, defined area over an extended period of time. It is our hope that this approach will open a new avenue in combating cancer and in treating MDR cancer patients.
